The family of matrix metalloproteinases is a family of closely related enzymes that play an inportant role in physiological and pathological processes of matrix degradation. The most distinctive characteristic of interstitial collagenases (fibroblast and neutrophil collagenases) is their ability to cleave interstitial coilagens at a single peptide bond; however, the precise region of the enzyme responsible for this substrate specificity remains to be defined. To address this question, we generated truncated mutants of neutrophil collagenase with various deletions in the COOH-terminal domain and chimeric molecules between neutrophil collagenase and stromelysin and assayed the expressed enzymes against type I collagen and the general substrate, casein. Our data suggest that substrate specificity for interstitial collagen is determined by a 16-aa sequence in the COOH-terminal domain of neutrophil collagenase and is influenced by the integrity of a disulfide-defined loop at the COOH terminus for maximal activity. It was found that a relatively large region of 62-aa residues influenced the relative efficiency of collagenolytic activity. In addition to the region that conferred this specificity, a site at the COOH side of the presumptive zinc-binding locus was found to be necessary for general catalytic activity. Mutation of a critical aspartic residue at position 253 within this area resulted in complete loss of proteolytic activity, suggesting that Asp-253 might function as one of the ligands for divalent cations, which are essential for enzymatic activity.
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The family of matrix metalloproteinases (MMPs) is a family of closely related enzymes that play an important role in a variety of physiological and pathological processes, including embryonic development (1), tumor invasion (2) , and arthritis (3, 4) . The human MMP gene family contains at least two distinct interstitial collagenases (5, 6) , three types of stromelysins (7) (8) (9) , putative metalloproteinase 1 (10) , and two gelatinases, 72-kDa type IV collagenase (11, 12) and 92-kDa type V collagenase (13, 14) . When the primary structures of MMPs are compared, it is apparent that they are structurally homologous molecules consisting of defined functional domains (13, 15 
MATERIALS AND METHODS
Plasmid Construction of Truncated Mutants of NC (TrNCs). The NC 7.2 cDNA containing a full-length coding region for NC was used to create TrNCs with various deletions in the COOH-terminal sequence (6) . The size of the TrNC is identified by amino acid residue numbers starting from the initiating Met (Fig. 1) . A premature stop codon was introduced by PCR. The primer (5'-GCTCGAATTCGGGC-TCGCCAGGGAAGGGCCCTACCC-3') complementary to the 5' end of NC 7.2 incorporated a unique EcoRI restriction site and was used for construction of all the mutants. Primers at the 3' end contained sequences for a stop codon at various intervals and a unique Not I restriction site. The isolated fragments were digested with EcoRI and Not I and then ligated into these sites in the expression vector pcDNA I (Invitrogen, San Diego). chimera NC 273-Strom, a 3' Aha II restriction site in NC was generated by PCR.
Mutant NC-Strom-NC, in which the amino acid sequence of NC at positions 259-274 was replaced with the corresponding polypeptide of Strom, was generated as follows. The primer 5'-ATGCCTGACGCCCAAACCCTGTGAC-CCCAGTTTGACA-3' was designed to create an Aha II site, and the reverse primer was complementary to the 3'-flanking region of NC 7.2 cDNA. The amplified cDNA fragments coding for the COOH-terminal collagenase were digested with Aha II and Sph I and ligated with the 83-bp Bsm I-Aha II Strom fragment and with the 838-bp EcoRI-Bsm I sequence in pUC19 coding for the NH2-terminal half of NC.
Plasmid Construction for Site-Directed Mutants of NC.
Site-directed mutagenesis of Asp-252 and Asp-253 to Gly or Glu was performed using PCR with mutated oligonucleotide primers and cut with EcoRI and Bsm I to give an 838-bp fragment. The plasmid pUC19 containing NC 7.2 cDNA was digested with EcoRI and Bsm I, and the excised 838-bp fragment was replaced with the PCR-amplified fragments.
Transfection of the Mutant cDNAs into COS-7 Cells. The cDNAs subcloned in the expression vector pcDNA I were transiently transfected into COS-7 cells by the DEAEdextran/chloroquine-mediated procedure (18) . In some experiments, to normalize the amount of synthesized enzymes, the transfected cells were labeled with 500 ,uCi (1 Ci = 37
GBq) of L-[35S]methionine (DuPont) , and the intensity of the band corresponding to each enzyme was measured on autoradiographs of SDS/polyacrylamide gels by using a computer-based image analysis (Desktop SPARC, Sun Microsystems, Milpitas, CA; Quantity One, Huntington Station, NY).
Western Blot Analysis. Immunoblotting was performed as described (4) cleaved soluble collagen, whereas NC 258-Strom had no collagenase activity. The observation that NC 326-Strom retained coilagenase activity, whereas NC 258-Strom did not suggested that a 68-aa sequence at positions 259-326 was critical for substrate specificity.
Since the COOH-terminal six residues of this intervening sequence are identical between NC and Strom, we thus focused our attention on the remaining 62 aa. Two additional chimeras whose junctional sites were located within the region were constructed (Fig. 3) and exhibited similar catalytic activity against casein (data not shown); however, significant reduction in collagenase activity was seen with progressive replacement of the region with the corresponding polypeptide of Strom. A comparative examination of this region revealed a striking difference between the collagenolytic metalloproteinases (MMP-1 and MMP-8) and noncollagenolytic proteinase MMP-3 (Fig. 4) . In Strom, this critical region contains a 9-aa insert. To test the hypothesis that the 9-aa insert and surrounding residues might affect collagenase activity of the enzyme, a mutant NC-Strom-NC was constructed by replacing the amino acid sequence of NC at positions 259-274 (16 residues) with the corresponding polypeptide of Strom (boxed in Fig. 4 ). This replacement resulted in loss of collagenase activity although substantial caseinase activity was preserved (data not shown).
Proteinase Activity of the Site-Directed Mutants of NC. Comparing the structure of the family of metailoproteinases, this region is flanked on the COOH side by the cysteinedefined loop and on the NH2 side by the highly conserved sequence DDXXGIXXXYG (positions 252-262). Our hypothesis was that the aspartic residues in this region might function by preserving a critical tertiary structure or by participating in divalent cation binding (calcium or zinc) (20) (21) (22) . Site-directed mutagenesis of the cDNA clone of NC 7.2 replacing Asp-253 with the nonpolar amino acid residue Gly resulted in a loss of enzymatic activity against native collagen as well as casein (Table 1) , although the protein was present in the supernatants as shown by Western blot analysis. The conservative substitution of Glu for Asp at residue 253 (NC D253E) preserved 35.9o of coilagenase activity as well as caseinase activity, suggesting that the COOH side chain of Asp-253 is critical to coordinate with metal ions such as zinc and calcium. In contrast, site-directed mutagenesis changing Asp-252 to Gly or Glu preserved enzymatic activity against collagen and casein. Interestingly no significant difference was seen in reduction of caseinase activity between NC D252E and NC D252G, although these mutations reduced collagenase activity to 55.6% and 57.8%, respectively, compared with the wild-type NC. Thus, Asp-253 is critical in the expression of general proteinase activity, whereas the adjacent Asp-252 is not essential.
DISCUSSION
We have investigated substrate specificity using TrNCs and chimeric enzymes between NC and Strom. The remarkable sequence homology between NC and Strom allowed the generation of chimeras that maintained general conformational integrity. Our data indicate that substrate specificity for interstitial collagen is defined within a 62-aa sequence in the COOH-terminal domain of NC and is influenced by the integrity of a disulfide-defined loop at the COOH terminus for maximal activity. Interestingly, a highly conserved region preceding the 62-residue sequence was found to be important for general catalytic activity. Mutation of a critical Asp at position 253 resulted in complete loss of proteolytic activity, whereas the adjacent Asp-252 was found not to be essential.
Our initial finding was that the deletion of the terminal Cys at position 464 substantially reduced collagenase activity, suggesting that a loop formed by the disulfide interaction of Cys-464 and Cys-279 influenced the degradation of native collagen. This is consistent with the previous observation by (24, 25) . All of the cloned MMPs have been found to contain the metalbinding motif HEXXH, which is also shared by certain bacterial metalloproteinases (26) . The two histidine residues in the HEXXH motif (located at 217-221 in NC) correspond to those of the zinc-binding site of thermolysin (27) , whose x-ray structure has been elucidated (28) . The third ligand is felt to be the conserved cysteine in the propeptide domain consistent with the attractive "cysteine switch" model in which the propeptide blocks the active site (29) . The identity of the fourth ligand of the active-site zinc has been more speculative; however, the remarkable homology in HEXX-HXXGXXH sequence (located at residues 217-227 in NC) seen throughout the MMP family and also seen in the other families of metalloendopeptidases (30) (31) (32) although other residues may be involved including the acidic amino acids aspartic and glutamic acid.
In addition to zinc, MMPs also require calcium for their full activity (33) . However, unlike the interaction of MMPs with zinc, the residues involved in the interaction with calcium are unidentified. Our data document the importance of Asp-253 for general catalytic activity, which may suggest a role for this residue in the coordination with divalent cations. Two possibilities for Asp-253 to serve as a ligand to a divalent cation are shown in Fig. 5 . Asp-253 may function as a ligand to calcium, which is essential for maximal enzymatic activity, whereas His-227, His-217, and His-221 may be coordinated to the active-site zinc. A second, more remote possibility is that Asp-253 functions as the fourth ligand to the active-site zinc along with His-217 and His-221.
The techniques of cDNA cloning have led to the model of common functional domains within the individual enzymes of the MMP family. The refinement of these techniques have permitted the engineering of highly specific mutants to explore the role of structural motifs in the control of identifiable enzyme functions. Our data support the concept that the domain(s) governing substrate specificity are distinct from those governing general catalytic activity. Further studies are likely to dissect more completely the relationships between enzyme activity and protein structure.
